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ABSTRACT

The sound field scattered by a smooth rough surface, and
recorded by multiple microphones, can often be modelled
by means of an underdetermined system of equations, ob-
tained from boundary integral equations resolved at the
surface with Kirchoff approximation. The same underde-
termined system can be inverted, yielding an estimate of
the surface shape. Regularisation techniques are applied to
the inverse problem. In this work, the procedure is val-
idated experimentally on a set of acoustically rigid sur-
faces. In contrast with previous tests, where a single mi-
crophone was used to scan a rough surface along an arch,
in this study an array of up to 34 microphones arranged on
a plane parallel to the surface has been used. Furthermore,
multiple frequencies of excitation in the range 10-25 kHz
have been tested simultaneously using a broadband source.
Uncertainties involved in the measurements are discussed.
In particular, the uncertainty associated with differences in
the response between microphones has been addressed by
means of a calibration performed in situ over a flat rigid
surface. The plane array configuration is demonstrated to
be an equally effective but potentially more versatile al-
ternative to the curved array solution. The effects of the
choice of frequency on the resolution and robustness of the
reconstruction are highlighted.

1. INTRODUCTION

The sound produced by a point source with vector co-
ordinates S is scattered by a smooth, acoustically rigid,
two-dimensional surface z(x) of finite but large size, and
measured at multiple receivers Rm. If S and Rm are in
the surface far-field, the complex pressure amplitude can
be calculated with the Kirchhoff approximation as [1]

p(Rm) =

∫
H(S,Rm, x) exp [−iq(S,Rm, x)z(x)] dx,

(1)
where the functions H and q are described in [1]. Neglect-
ing the dependence of q by Rm, q(S,Rm, x) ≈ q̂(S, x),
Eq. (1) can be approximated by a linear, usually underde-
termined system [2, 3],

PNR×1 = HNR×Nx fNx×1, (2)

Figure 1. Measurement setup. The speaker is on the left.

where NR is the number of receivers, Nx is the number
of points that discretise the surface, and Pm = p(Rm)
and fn = exp [−iq̂(S, xn)z(xn)] are the elements of vec-
tors P and f , respectively. Eq. (2) can be inverted numeri-
cally [2, 3]. As a result, the shape of the scattering surface
can be reconstructed from the measurement of the acoustic
field atNR < Nx locations. The only previous experimen-
tal validation of the technique employed sequential mea-
surements along an arch by a single microphone [3].

2. METHODS

Here, the method is applied to an array of 34 1/4” micro-
phones arranged in line with a spacing of 20 mm. The
line array is simpler and more practical than the arch. The
microphones and source were at a height of 270 mm and
200 mm from the surface, respectively. The measurement
setup is shown in Fig. 1. The speaker was inclined at 60◦

from the horizontal, and produced a white noise with fre-
quency ≤ 25 kHz. The scattering surface was machined
from a block of Medium Density Fibreboard (MDF) mate-
rial, and had a known random profile z(x), with 1 mm stan-
dard deviation, and with a power-function spectrum ∝ λ5

for 5 mm≤ λ ≤ 50 mm, where λ is the surface wavelength.
The technique is sensitive to microphone positions un-

certainties [2]. Additionally, the microphones used for
this test were not phase-matched. To reduce these uncer-
tainties, the following procedure was adopted: (i) the re-
flection from a flat surface was modelled (p0(Rm)) with
Eq. (1) at each microphone location and for 301 frequen-
cies f between 10 kHz and 25 kHz; (ii) the same quan-
tity was measured (p̃0(Rm)), by turning the scattering sur-
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Figure 2. Surface reconstruction, f = 18 kHz.
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Figure 3. Rms relative surface reconstruction error. Syn-
thetic (black line) and measured (red dots) data.

face face-down and calculating the complex amplitude by
means of an FFT; (iii) a calibration factor was calculated
as Γ(Rm) = p0(Rm)/p̃0(Rm); (iv) the measurement was
repeated with the rough surface facing upwards, and the
resulting pressure distribution was multiplied by Γ. To iso-
late the effects of the numerical inversion, which yield a
lower bound to the uncertainty of the reconstruction, an
ideal case was simulated by generating synthetic data by
means of Eq. (1) applied to the known surface geometry.

3. RESULTS

Fig. 2 shows an example of surface reconstruction obtained
from the FFT at 18 kHz, from the measured and synthetic
data, compared to the known ‘target’ surface geometry.
The accuracy of the reconstruction appears reasonable, es-
pecially in the central part of the surface. The rms error rel-
ative to the surface standard deviation, calculated for each
frequency in the central part of the surface (-0.19 m≤ x ≤
0.03 m) is shown in Fig. 3. While the error obtained with
the synthetic data decreases smoothly with the frequency
from 50 % to 28 %, the experimental error fluctuates vig-
orously, with complete failure (εrms > 5) occurring more
often at lower and higher frequencies. The minimum rms-
averaged error obtained experimentally is ∼ 0.5.

Fig. 4a shows the comparison between the spatial spec-
tra of the ‘target’ and reconstructed surfaces, calculated for
f =18 kHz. Good agreement was found at wavelengths
> 40 mm. The spectrum was overestimated at higher
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Figure 4. (a) Surface power spectrum, for f = 18 kHz.
(b) Spectrum reconstruction error, based on synthetic data.
(dashed line) k = (2πf/c0)/2.

wavenumbers, especially for the measured data. The dif-
ference between ‘target’ and ‘synthetic’ spectra is shown
in Fig. 4b, for all frequencies. Surface scales larger than
approximately twice the acoustic wavelength were recon-
structed accurately (±3 dB), while larger errors were found
for shorter scales. The theoretical horizontal resolution im-
proves with the frequency. However, uncertainties of the
experimental data are higher at higher frequencies, often
causing the failure of the method. Broadband signals may
be used to improve the robustness of the method, by com-
bining the information across different frequencies.
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